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•-'An aerothermochemical analysis of chumically active
surfaces lumersed in a high speed stream of an oxidizing gas mixture
is presented. The analysis appliCr LU turbulent flow over blunt
bodies whose surface material passes into the gaseous phase without
going through the liqui-d state. V..--e .4* -a- -tothe
pifevio, ia.-sw otfi. -.1- laminar flow under the same eaviron-
mental comdittim. The theory is developed in general for a whole
class of sublimatars and is thkee-applied to the particular case of
graphite tombustion about which a great deal of fundamental data is
available.
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SECTION I

INTRODUCTION

The study of cimbustioo processes requires a blending of

complex chemical and fluid dynamical phenomena. Under certain

conditions the interactions between these fields can be minimized.

For example, if the speed cf chetmical reactions is rate contrnlling,
attention can be focused on chemical phenomena with little emphasis

on the accompaning flow conditions. Here the most difficult problem
to be faced is that of adequately describing the chemical kinetics

Generally, the detailed reaction ateps are not well known, and even

if they are it is unusual if the corresponding specific reaction

rate coefficients are known within several orders of magnitude.

This difficulty is often circumvented by assuming either very fast

or very slow reactions. On the other hand, if diffusion and convec-
tion are rate controlling, prediction of combustion phenomena
depends largely opon the state of knowledge for the particular

viscous flow phenomenon Involved.

Viscous flows can be classified as laminar. turbulent or

trnnsitiun; forced convection or free convection; boundary layer or

wake flows. Of all the various combinations, laminar, forced con-

vection, boundary layer flow lends itself most easily to mathematical

description. Although turbulent l1o- is not nearly as well under-

ztood in detail, turbulent skin friction, mass transfcr, and heat
transfer, tinder conditions of torced convection boundary layer flow,

can be predicted with some degree of success with the aid of a few

empirical constants obtained from experiments. It certainly does

not rank last among the various possible combinations of the above

- I -
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ph-nccmena. However, because the funcamentalr remai.n rather obscure
any attempt to make predictions is held in rather lcy esteew in some
circles. Ur.fortuiately,che engineer is faced with turbulent flow
far more often than he can depend upon laminar flow. In the case
under consideration, the combustion of chemically active sublimating
suriaces. this is even more likely to be true. Both the high sur-
facc tý=:peratý_;re and tht" -- far- -N-•Q injection should tend to
destabilize the laminar boundary layer.

The laminar case was investigated by the author and
Dr. D. A. Dooley, also of Aeronutronic Systems, Inc,(l)* The pre-
sent report should be re&arded as a sequcl to the previous work.
Much the same approach is sepd in thue present analysis. In the gas
phase, diffusion is assumed to be rate controlling so that the chem-
ical reactions chosen to represent the combustion process can be
considered to lbe nearly in equilibrium. At the surface a somewhat
more general treatment is used. The solid surface combustion and
sublimation reactions are considered to proceed in 4uch a way that
the products are swept away by diffusion and convection faster then
they are produced when the flux of species is high; while if the
flu rate is low, the backscattering of products is sufficient to
approximate equilibrium. This amounts to allowing either chemical
reaction or diffusion to be rate controlling at the surface under
appropriate circumstances.

Ir- its boundary layer aspects the present semi-empirical
theory uses an approach similar to that of Van Driest( 2 )( 3 ) who
allowed for variations in density through the boundary layer in such
a manner that the results reduce to the von Iarman-Schoenherr
relationship for incowpresslble skin friction. It has been pointed
out that there are several lurmul.stions for including variable
density which can be made to reduce to the incompressible results(9 )(10)
but Van Driest's physicsl reasoning seems to have been sufficiently
good so that his results agree well with experiments.( 3 ) It is
hoped that an extension of this method to thecase of combustion will
meet with some measure of success. However, until experlmental
evidence is available the results obtained should be used with
caution.

Since publication of that report a great deal of interest has
been stimulated in this field. Papers by Lees(4) and by Cohen,
Bromberg and Lipkis (5) treat similar chenicnl systems with
similar results.

-2-
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Although prediction It turbulent boundary laver phenomena,
within the present state of knowledge, must be semi-empirical in
nature, inalysis oi the tundaie'itail equatiotit nelps form a logical
framework for physical reasoning. The develupment of the funda-

.. tý rn fltipo nventional assuotion that the

conservation equations to. a continuum hold instantaneously. The
instantaneous value of each of the unknowns is separated into the
sum of a mean and a fluctuatig part. Introduction of such expres-
sions into the conservation equations for reacting gas mixtures and
averaging according to the Reynolds rules for ti-ne averages yield
average conservation equations which include correlations between

fluctuating components. The full equations which result are
presented in Appendix A where the simplitications which can he made
prior to introducing the boundary layer assumptions are discussed.

As in the laminar analysis, it is assumed that diffusion due to
temperature and pressure gradients is negligible compared to that
duc to concentration gradients and that all diffusion coefficients
are equal. When correlations involving fluctuations in molecular
transport terms are neglected according to the reasoning of
Appendix A and boun&'-r. layer assumptions are made, i.e.,

)A. L» % and "W - small, the tollvon.!ing boulvdary layer
equations result in the mean steady state for blunt body coerdinate
systems:

Si i i ° i ---
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Cunt ini~tyfor 1,'olL'rSlar Specie.;

In this and the following equations the bars denote averages and the
primes denote fluctuating components. The quantity KL is the mass

fraction of the ith molecular species while 141 is !Ls rate of
production per unit volume.

Overall Continuity

-_- 4 0 (2)

where W. is unity for bodieq of revolution and zero for two
dimensional bodies.

Contintifty for Atomic Species

Ti:-;ý + ?Ary~ A))-T~;

The atomic mass fractions, T', , are relaý.ed to the molecular mass
fractions through the definition:

TA'.~ / (4)

-4
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where 44, represents the mass of atc'raic species jj4 pvr uni.

ness at molecular species

Momennt ur

•" "44+9• - """_ _• , 9'- b4'- L-& ___"•

""* ?_.

where 9t_ and t4av are the density and velocity at the t-- of the

bound3ry layer. The second momentum equation indicates that the
change in pressure across the boundary layer is small.

Energy+

+k

Ly§4 3 (7)

where the average tota L anthalpy is defined asLI

and the enthalpy of each species, fin , includes the chemical
enthalpy n? .

-5
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It is nfw useft, l to introduce eddy transport coefficlent&,
for turbulent flu%.

'ýk Aý.(9)

It ia Lu be noted that fiuctuations in Ji-. are due to temperature
only so that the definition of equation (9) is reasonable. Prandtl
and Lewis numbers for turbulent flow are then defined as-

eIL ((I+I)

LeT
(12)
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BeCLuse both the molecular ond ma4roscopic transport properties
arise irom similar nmeLtLuisuis for many goases it seems reasionable to
assume that:

P^ . La = I (13)

Under these conditiors it can be assumed that enthalpy and the atomic
mass frictions are linear functions of the velocity ratio. With
these assumptions, both the continuiy equation for atomic mass
fr:ctions ana the energy equatior reduce to:

t~t- (14)

"Ihis equatiý; is identical with the momentum equation except for the
term:

Although neglect of Ihis term in the momek,tum equation wil. probably
have little effect on the velocity distribution in turbulent flow,
the assumption of similarity between total enthalpy, atomic mass
fractions and velocity ratio is somewhat questionable in regions of
high pressure gradient. By the reasoning of Lees,( 6 ) the term is
probably negligible if the body surface is strongly cooled because
the increa!ce in density near the wall compensates for the decrease
in velocity; therefore, the coefficient ot the pressure gradient is
small throughout the boundary layer. This argumetat should be viewed
with some cauticon, however, because other combinations of terms
couldi be devised such that the coefficient of the pressur-2 gradient

would be small throughout the boundary layer. Under these conditions
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the- tern..s retained in the moraer.tum equation would rot lead to

similarity between the enthalpy, mass fractions and velocity ratio.
The advantage of timilarity is that once the velocity distribution
is obtained, the use L-f the vou. sarmtin monrmitum Litegral equation
alone is sufficient to cstimate the skin friction, heat transner
and masa transfer at the surface. Otherwise the cotrespoi.dinu
integral eýUaLtOns fur -Ile•g- 'k. SP(Lizta comntfnu!t-' --:oat :iso bN
solved.

-8-



SECTION 3

IE:-.l:Al. g.i- ON'S, ASLSS TRiLNSFE:,

AND HEAT TRANSFER

1. INTERACi ION OF DIFFUSION AND CHEMICAL REACTIONS

In a themical syster.m in which diffusion plays an important
role, use of the continuity equatious fur atomic species is conven-
ient for estimrating mass transfet rates. H-'wever, because these
equat--un.-ý are formed from linear sums of the molecular species
equations they usually are not sufficient to completely replace the
molecular specCI'ts continuity equations. In other words, there are
u:sually less atomic than molecular species. A discussion of the
number of additional relationships required i- given in Appendix B.
These additinal trelationships are obtained by making some assump-
tiuns about the rates of production, WAY'. As pointed out In
reference 1, the specific reaction rate coefficients are t:sually
not known to, better than an order of magnitude. Therefore, the
study of limiting cases through utilization of simplified models of
the actual chemical kinetics is more protitable.

In the firqt place, it is assumed that soan possible
reactions do not occur at all. This entirely eliminates some of the
possible u.oiccular species from further consideration. In addiLion,
two opposite limiting assumptions can be made about the rates of
production, (Ar- . It might be assumed that the specific reaction
rate coefficients are very small so that reactions can occur only at
the solid boundary or c:t-ide the boundary layer. Under these condi-
tions the molecular mass finction-c can be obtained as linear functions
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of the velocity ratio because the troublesomL UZL u:erms can be
ncz.glcted in cquation (1). In most sitationL invrlving rombustion,
however, thc high Lemrpratures in the boundary layer probably lead
to high tate coefficients. The opposite limiting case is to assume
that these rate coefficients are very large compared to the produc-
tion rates. Under these conditions the perturbation from equilibrium

caused by difiusion and convection of species is small. Therefore,
the mixture uii gases at any point in the boundary layer can be

determined from a knowledge of the atomic mass fractions. r-, and
through use uf expressions for the equilibrium constants of the
various reactions. This procedure will. be adopted for the remainder
uf this report. If the disturbance due to diffusion is of some
importance it still may be convenient to use this approach for the
first iteration in the computation procedure.

3.2 CHEMICAL MCFtL

Although a more general treatment is possible, it is now
assumed for simplicity that the surface material is a sublimator,
i.e., it passes into the gaseous state without going through a
liquid phase. In addition, it is assumed that it reacts with oxygeia
to form two possible products of combustion, p, and P., , but it
does not combine with nitrogen. The possibility that oxygen and
nitrogen may dissociate or recombine is also included, but formation
of other species such as tNO and ionized nmlecules is neglected. It
was shown in reference I that these latter assumptions are adequate

for air over a wide rt.np "f temperature. A set of possible
reactions in the gas phase are then:

V~o e-4 4 z, l 'VIF" +VPAkP' (15)

Q -x 2.O (16)

NIT, 2N (17)

- 10 -
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where f represents the :.trtace rniter!ll (fuel). IL i-, furthtr
assuned that the fuei does not contain nitrogen, hi t may cont.
oxygen in Ldditi~n to two aLtoumic specics f, and +,. . The
equilibrium cý:-stants corre:ipondiny. to the abovc retactions arc
given by:

LL-1

Kilo (19)

(20)

The partial pressures P, are related to the mass fractions K
through:

K - M (21)

where M is the molecular weight of the mixture and P is the
pressure for the mixture. The equilibrium constants KI• are
usually I-nown rather accurately as functions of temperature.

3.3 NIASS TRANSFER AT SURFACE

The boundary condition at the surface for emas transfer
can be stated in terms of conservation of atomic species:

A4,'. 1 ~ (2.
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Ahcre 4'flu is the ..:t fl. ,r -0 surface. material, while Ic -'. is
the net flux of molecular species i at the surC.-re. For each
reaction, conservation 3f atomic species leads to:

L. ~= (23)
I-

where Is [ lie numher (.' atotis of -tnmic species 4" per molecule
of molecular species L It is ze.ilLed to A.m. through
P,-- A , ,,,. M - . • Simultaneous aclution of the sets of

eq,,ations given by equations (22) and (23) has among the results the
following expression of surface mass flow fur t61e particular chemical
system under consideration:

This equation states that the net flux of surfacc material is equal
to the sum of net fluxes di'e to the ma terial wlii:h sublimes and that
which enters into chemical reaction with oxygen at the surface.

The net flux rates consist ot the differe:nce between the
flux of the species issuing from the surface and that which reacts
with the surface. In other words:

L.f b (25)

where A".(+ is the flux of species L from the surface, "'-b is
the flux striking the sutface, and <ý,• is the fraction of this hack
flux which reacts. In the case of the fue! <+ is commonly known
as the sticking tactor or the accrnimcdation coefficient. The back
flux can be .aLulated easily frou elementary kinetic theory( 7 ):

- 12. -
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0,

b -(26)
-- M

'lhe vuLward rates cazi aIst. bu e. timat,.d, but they are
but ter Ltea.ited svparLt,.'ly. In the case of th..' fuel, the outward
rikLv tis due Lo ti' subiin at ion process. 1 e r.iass fl w rate should
depend principal ly upon the solid surface tempe,''-.Lure and reduce to
1c, I:tL ass flow at equilibrium. Therefore:

+ - ___ ___ (27)

Here, the quantiLy .,%,V is the equilibrium constant for sublima-
Lion. An expression of similar form could be deduced from the
physics of the solid surface. The outward rate -or oxygen has a
somewhat more complex cause. In this •.ase, some of the products
produced hy reaction between oxygen and the surface may encounter
conditions in a microscopic layer near the surfacp such that they
dissociate again and precipitate fuel species on the surface. The
result is that oxygen is r(l.eased into the boundary layer. Clearly,
such a process must depend not only on the wall temperature, but
also on the presence of the products. In order to reduce to no net
flow at eqnili rium, the expression for atomic oxygen ig:

.= L. j, - P, (28)) t/"j. v , D'

Similar reasoning for molecular oxygen leads to:

]• "I O. (29)

- 13-
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Sabstititotor. of equ'ititn, (93) through (29) ix equation (24) leads
to an expression for the net mass flnw trom the surface in terms of
wall temperature and the partial pressures or mass fractions of the
various species. Since equilibrium Is assumed for the gas phase
reactions, the mass fractions are related through equationr. (18),
(19), and (20). Additional relationships are obtained frcii solutions
of the bounda:v layer -.quatiors.

3.4 A'OMIC MASS P'kCTI!ONS AT SUFFACE

If the Lewis number is unity and tie atomic rass fractions
are linear functions of the velocity ratio, then equation (22) leads
tr the following s-t of expressions for atomic mass fractions at the
s ur face :

vJ . ... (30)

where

S..../ (31)

The quantity S , which represents the ratio of mass injection to

skis, friction or heat transfer coefficients, often appears in combus-
tion literature. A further relationship between skint friction and
5 is obtained fron, a solution of the momentum equation which will
be discussed in a later section for turbulent flow. The system of
equations represented by equation (30) can be put in a more conven-
ient form for the particular chemicel system under consideration.

Simultaneous solution of equations (30) and (23) leads to the

following equations:

""let (32)

- 14-
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-- " '- (33)
yo, M.~

k- y"F (34)

where 70 Te

The above equations represent ý',ur rel:tions among the
rht uKn(oWS: e W•t v v ) ) p,w K * w . K . , I and 6
Three additional rela tions are supplied by the ecuLlilibrium relations
of equations (18), (19), and (20). if pe•=.C•/;_ its known, olne
additional re.lati.nn is supp Ii d by equations (24) through (29).
Therefore -ail eighL unknowns can probably bc found as functions of
pressure, wall tempera ture, -ind the quantity fx ¢eql" . Suzh
relations apply to vit.her laminar or turbulent flow. As mentioned

' . the connection hetwoen C and the other variables for
tulrbulent flow will be disctned in a later section.

3 .5 mEAT TRANSFER

The heat absorbed by or radiated away from the surface,
. , is obtained from a heat balance:

The heat fluK is due to conduction out of the boundary laver less
the difference between heat convected by all individual species and
that convected from the solid whose surface enthalpy is s . If
Li.e -- - I and the total enthalpy, 1s: , is a linear function of the
velocity ratio, Lhen it can be shown that:

15 -
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F. making us" of expte.;qins (12). (33), and (34) , can he put
inl thllt follivwing more illustrative form:

?e-~i/ {keý 4-a 9i C \ 37)

where

%a.

0i~~E *a) +F. A.

The quantity Qemow is the heat ot combustion at wall conditions,
I•j is the enthalpy of air at wall conditions of teruperature and

dissociatiun, and Xr,%,ts the heat of sublimation. When there is
no combustion or sublimation, both i and e'tj are zero, so that
equations (36) and (37) reduce to the ordinary results for compres-
sible flow with Prandtl number unity. If combustion taken place
(.Jj approaches unity because most of the oxygen is used up.

- 16 -



SECTION 4

FSTIiMATGN OF TURBULENT SKIN FRICTION

-4.1 VELOCITY DISIRIBUTION

Inspection of the momentum equation gi-en by equation (5)
shows that in the sublayer the shear must increase from the surface
value due to the etfect of mass injection at the surface. The
increase in shear near the wall can be estiuatad by(

8
):

-r (38)

where CI - r , L

-!=7-
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The quantity 1?. h,ýhzh has appeared in preivi.'us rel-tionships, is
a meastir•. ,f t01v tatino of mass injection to skln friction or heat
transfer. Tho exponent 0 is iLtroduced in order to trnce the
ilifluluene ,of thi, shear distdibutLon ini skin friction. Its value is

it, f . This -;hear distribution should be viewed with the sanie
quaWlificatIons as apply to the co:tstant sheai.r assuumption usta I,:;
miade for turhuli.nt houndt r', I:iyers w'i'th :o b!)owing The shc,_,r
shotuld approacI ?,,rl at the- ,'ut er *.ddg.. of t _he Ioutdary lia ,er, Iutt
the influe'nce t' the ov!o,"city dis.trilutitLn in this region ,n Ht.
skin friction muiv bhe small.

Iln th', ful !y turbtilen! rrgior ntear the' wall, It i-4 assumed
that, following Van Pri,.ctM:

- -T4 IA (39)

Introduction of the Prandtl mixing Iength, Q . leads to:

x1 (40)

Either the assumFptj.on of Py jtdtl, K-- ., or the von Kirman similar-
ity law, X-= K I , may now be introduced. It
is assumed that these formulations, originally developed for inco.-
pressible flow with little ?. variation of fluid properties, apply
to the present case. By integration of equation (40) with the
Prandti assumption, the velocity distribution is found to he given
implicitly by:

""(41)

- 18 -
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iti, Lhe similarity law, the result L•:

jeda ti)J (42)

z Const.

In !both cases the arbitrary functions of X which result from inte-
gration have been chosen so that the vulocity distribution redutEs
to that of incompressible: flow with no hlowinfn whe, the gas proper-
ties and shear do not very. It has been pointed out by several
writers(9 i10l that there are manv formulations which could be made
to reduce to the incompressible relations depending upon where
pruperties in the tunctions of integrat are evaluated. The above
formulation follows that of Van DriestM who based these proper-
ties on wall conditions be-ause of the strong influence of the wall
in the sublayer. Jiustification can only come from a comparison with
experiments. Van Driest's results for compressible flow on flat
plates have given rather good agreement with experiments.( 3 )

The change in variable from I to t , at constant A
for use in the momentum integral is given by:

- 19 -
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Y /
aher (e is zero it the von Karm•aL simtlarity law is used, and
mnity it f =Kj

4 2 SOLUTION OF MOMNTUM INTEGRAL FOR SKIN FRICTION

The von Karman momentum integraL, modified to include the
effect of mash injection, can be obtained either by integration of
the momentum equation across the boundary laVci, neglecting double
and triple correlations, -r by consideration of momentum conserva-
tion for an element ot tIid. The result is:

P.sfc~is (44)

where as betor.- Pt is unity for bodies of revolution and zero for
two-dimensional bodies. It is consistent with previo.us assumptions
to neglect the first term on the right hand side of equation (44).
In order to change the variable ot integration to the velocity ratio,
2 , equation (43) is substituted in equation (44). The result can

be put in the forma:

(45)

-20-



AS I 01illC.lCA'rTC('K NO1. 1!-166 TURIULEN'T SK(IN FF C IOi

I< 1:
where p

Tht' quint i' ttv . ',:YiLh ap'wea is i n equatiov (45) Is inversely pro-
o0rtiAC'::! to the s;kin fri•.Aoki coefficlent based on1 %hatl conditions.

Sil icV a II" ; an iinknown tunctfion of X , equation (45) cannot he
integritdL, a; it -;tands. However, at a sufficient distance from

the .tLagnatioln polint, a should he Iarvg,. This permits certain

approximaLions to bei made. Change -f variable from 2 to (' makes
it ponsslhe to oxpres;n the integral a as:

CL V/(46)
e

f a•a

where-

Successive integration of 3 by parts produces:

Co~ (47)

For larye CL with VIC of order unity the dominant term yields:

C- 
a) 2r..- • .. L.r• J(48)

-21
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In oddiI.ion.i it can bk" .how.] thlt it i,;

. :',' no.w b,, itercirated approximately by making use of
vquati,,... (.t;) ' . 9 "" hc ivuull •i's a law for v-Eriatirn of
tur'hul,-it st. in fric'tion:

wherv

-t
(v L

J1 has been &ssumed that the iniltence of wall temperature and mass
fraction variations in the Y- direction is negligible. If. in
addition, it is asswaed that the variation of 4#_ is not signifi-
cant in deie'-ining the skin friction, the effective Reynolds nuttbor
bec omes :

o 22
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J P jL eA10 t1r
f

This Reynolds nunib,.r reduces to the ordii.ary Reyaiolds number based
on wall conditions 'or a l,1t platv. Fir a c(nical geometry, where

zr = C X , it betomes half the ordinary Reynolds number consistent
with a derivation by Van Driest(

1 1
) lor the conical geometry. The

quantity 0 is unity for incompressible flow with no mass injection.
For con,-tsrsible flow with conskLant specifii heat and no mass injec-
tion, ý reduces to Van Driest's result when the enthalpy velocity
variation is introduced in the 'ase of combustion, the exaluation
c' , i_ wuch 'tAte coupit-aLed due tO the influence of variations

in the gas mixture through the boundary layc" which affect the
relationships between densit• ' enthal r and veloc'_ty ratio. A

M is dis;cussed in Section 4.3 and calculationsmethod for obtaining r
o1 $ for thi case of graphite ctirhbnstion are described in
Section 5.3.

Equation (50) slhow,. clearLy Lh,- in:luence tit shear varia-

tion and mixing length a.surptions on the skin fricti-in through the
exponents a and (7 . As Is well known, both mixini: length formnu-
lations lead to the samie result for incompressible fltw with ao mass
inject iov Equation (50) has the same form .s tLhe incompressible
van Karman-&hoenherr law for skin friction, ?eo arbitrary constanrs,
I< and 0 , appear which must he obtained from experiments. If

these constants are assumed to be the same as those obtained for the
incompressible case, then equation (50) can be expressed as:

LW+ 4, C
t

ity/16 (52)

It would be truly fo;rtunate If these cin•atnt. do not have to be
adjusted.

-23
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11. shouI d Le pointed o-a. t'.ýAt because of tht. :;ss..mption of
Ilrge O . the skiii fricL[ vn iaw doe's not apply at thc saignation
pIt: of Hlunt bodies, In this4 rglnn, the above formilnr i n 1 :',ds
to finito shear s4.rt.ss :ind Infinit::l heat transfer, .both of wtich are
ph'.::! L '. , tinsot~nd . Ilowever. since the t•ow will probahiy nc, t
!%.c(1Hic turb nt il'tL iL tLl at .least some snall dlistance from the stagna.
tIion pi! I *, the behaIvfor in this regionof 4 int as itrportant as in
thL, case. o la• s;i r flow.

.3 I'IUIECT OF' CIHEI.,CAL STRUCTLIRE OF BOUNDARY LAYER ON INTEGRAL

Ail (if the r.o4tils obtained so far, except for evaluation
of thi integral 0 , have required only evaluation of fluid proper-
ties at the body surface or at the edge Of th.: t-unda:ry layer. In
the case of laminar flow with asstniptions similar to those made in
the presetit investigation, no detailed knowledge of the chemical
structure ot the t'ou.,dary layer iL required in order to estimate
heat transter, mass transfer and skin trictLion. However, with: tur-
bulent fl,•w, it Is not possible to make the sane transformations of
the boundary layer equations, because the transport cocfficients
are not properties of the fluid but depend on the flow field. For-
tunately. with the assuiip~ions which have been made. the only
lifficult quantity to compute is the integral 6 . Its evaluation

requires a knowledge o! Lite, density variation through the boundary
I ayer.

When diffusion and chemical rcaLtions occur in the
boundary layer, the density varies not only because of temperature
variationsbut also because of changes in chemical composition.
The temperature itself is related to the enthalpy, which is known
in terms of the velocity ratio in a rather complicated implicit
tashion. Not only is 0 more complicated to compute, but in
addition, it depends upon more independent parameters.

The last three parameters must be added in order to determine the
composition throughout the boundary layer. Apparently, a simple
graphical rcpresentation of 0 is not possible. However, the
inteprand at 0 can be determined if the enthalpy, pressure, and
gas o)mpo:;ition are known.

- 24
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.FrLtunatcly. with the nssumptlor:s of fast reaction rutus

in tie yas phase and Le -= , the gas comuporition can be deternwitted
in terrn• of a single parameter, • This can be seen through use of

equation1 (3fO) for the atomic mass fractions at the surface and use

of a lincar relationship with the velocity ratio. Tntroduction of
the parameter , . defined below, then yields the following expreb-

sion for ato,' -'.,is fractions at any point:

T- i _ e) + 5..3)

where

In order to actually compute the density vdriation, the molecular
mass fractions must be found. These are obtained by simultaneous
solution of equations (53) and (23). For the chemical system under
consideration in this report the results are:

"V0, M 0

- V0' M0

It addition to these expressions, the equilibrium constants given by
equations (18), (19), and (20) serve to determine the system.
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T'lie relati.itiship beLween f and the velcL.ty ratio in the

houndary laver dept...d-" on the wall conditions of mass transfer which

det'rmnine 1 When t,,e motecular composition Is obtained at each

Iocation in the boundary. ;,ver, then the inregratid of 01 can lU

evaluated in termsn oi enthalpy and pressure and 0 compited

nu-n e rica I lv f rom:

P (I%[~y~ " (57)

It should he noted that the enthalpy is related to the wall and free

stream houndary condit.ionn ald the velocity rntio, 2 , through:

3..

As stated a",ove:

The numerical computations are -ided by determining the integrand
-+ a- a function of pressure and enthalpy at various fixed values

of . It can be seen fr.om the definition of • that It Jis zcrco

at the outer edge of the boundary layer ard increases toward the

surface when there is mass injection The surface valuc of the
compositionparameter, f, = i3/(t1 8t , can be obtained in terms of
the mass transfer conditions at the surface. Utnder assumptions

previousiy made, its value depends upon wall temperntnre, pres.sure,
amd the parameter p.UtC4 /4. Thus evaluation of • requires

simultaneous solution of equations (52) and (57).
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It addition to flo another impntirmnt value of f is thAt
which occurs at the place where the reactants are in stoichiometric
proporLion. Equation (54) shows Lhat thi!; value of Si" given by:

X - B4  (60)
- I + FS 1

This value of I occurs In the interi.-r of the combustion zone, a
region where the nkajor porticn of the combustion reaction takes
place. For most combustion reactions the equilibrium constant given
by equation (18) is very small for the environmental conditions
whirh ocrur. Therefore, In the combustion zone the m-ass fractions
of the reactants are small. Under these conditions the model of
reference l[is well approximated. The boundary layer is divided
Into two regions by a thin cnmbustion zone. On one side of thfn
zone oxygen is mixed with products and inerts while on the other
side fuel is mixed with products and inerts. An estimate of the
thickness of the combustion zone for the case where combustion takes
place in the gas phase is givent in Appendix C. Tf wall conditions
are such that the reactants are in stoichtinmetric propnrtion at the
surface, then l'- At lower values of I, the excess of
oxygen increases at the wall until finally the combustion reaction
does not take place' at all ift :O

- 27 -



SLCTION 5

CO.•gl,'"ILN OF' CPAPHIlE

5.1 CHEMICAL CONSIDERATTONS

As in reference I the combustion of graphite is investi-
zated numlerically because a great deal of data is available on this

'ibsL3ance. The cotvhistion process is assumed to be adequately
described by the single reaction step:

C 0 CO (61)

The formation of C02 which will only occur in appreciable quantities
at 1bfa temperatures is ncgiectc. In conformity with previous

assk•mpticns reaction with nitrogen which requires extremely high
temperatures is also neglected. in addition, the frrm of the carbon
woaleculc in Lhe gascous state is assumed to be monstomfe, although
recent experiments, (12)(13) indicate the possibility of C 3 torma-
tion during sublimathfn. Since this question is not entirely

settled, the simpler configuration is assumed for purposes of
illustration. All of the above complications could be included

with slight moditication of the analysi-.

The basic data listed in Table I of reference I are

utilized tor the present calculations Additional data are reruired
because of the somewhat more general treatment of the combustion

28 -



ASI PI'BLICAP'ION NO. U-166 CO.MBUSTION OF C'APHIT.

prore.As in the present analysis. EIuilibriuam constants fitted
empirically to data of reference (1.41 are as follows:

L -.5 - i. 4- xo I - (62)

7 ___,__7_0_____

3,0 !72 X'o (63)

The equilibrium constants are in atraospheres while the temperature
is in degrees Rankine.

The sticking factor or atcomnodation coefficient, q' , for
graphite sublimation is taken as 0.3. This fits the data of
references (15) and (16) over a moderate temperature range (up to
abou•t 3000°K) assuming that the vapor Is monatomic carbon. In
reality the acconuodation coefficient probably varies with tempera-
ture but the single constant value is consistent with the present
state of kno~ledge. The value of < for monatomic oxygen is
assumed to be unity while that for diatomic oxygen is chosen at the
two extremes, zero and unity, for purposes of illustratinn.
specially designed experiments are required in order to determine
these coefficients.

5.2 GENERAL SURFACE MASS AND) HEAT TRANSFER

Calculations have been made for graphite by means of
severai IBM 650 programs using the analytical results obtained in
Section 3. Since nonequilibrium surface conditions have been
considered, it is necessary to know a flow parameter in addition to
surface temperature and pressure in order to specify the burning
rate. This parameter, pe4, C4ue/t , is a uxeasure of the transport
of prnperties to or from the wall. For a particular body geometry
with given local free stream conditions as well as wall temperature
and pressure this parameter can be obtained through use of the skin
friction law of equation (52) for turbulent flow in conjunction with
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equations (18) through (20), (24) through ý29), and (32) through
(34) ,%:r the nmiss fractions at the surfnce und B. it this section
the quantity is Lreated as an independent variable so
that lilt: ze:;ults apply to any geometrical configuration in lam.tn:,r
or turhulent flow. A;1 of r.he above named equations except
equation (52) are utilized. In Section 5.5 calculations are
described for the particular case of a hemisphere in turbulent flcw.

In Figure I the mnrss injection par.:ieter, B, is presented
as a funiction .,f wall temperature, flow parni.-i'ter, and accor..dation
coefticient for a fixed pres:;ure of one atmosphere. The entire
regicn below B = B* represents conditions under which the combustion
process is controlled by chemical reaction at tie surface. In this
rvg,_,In an appreciable qtinntity of oxygen is not consumed by the
reaction. At low tertperatures the value of the occoumodartinn coeffi-
cient for molecular oxygen has considerable influence on the burning
ruLe while at higher temperatures, when most of the oxygen becomes
dissociated, it has Litrl.o ,.ffect. All of the curves swing almost
vertically upward at still higher tempeatures due to the subli.M-
tion of gaseous carbon. The sublimation rate Pventually becomes
sufficiently large to drive the combustien zone away trom the surface
so that B B*. Under these conditions the diffusion of oxygen
toward the wall is not sutficient to consume the flux of carbon
coming ott due to sublimation.

The lower values of the flow parameter result in higher
values of B. When the flow: parameter becomes sufficiently low it
has no influence at all so that equilibrium is approximated. At
high values of the flow parameter the quantity 8 becomes very small.
This dependence of B on the flow parameter has a significant effect
on the heat transfer rate given by equation (37). The factor
exhibits a similar behavior ans shown in Figure 2. The net effect of
these factors is presented in Figure 3, where a portio,: of the
enthalpy potential, namely, , is presented
as a function of the wall temperature and flow parameter at one
atmosphere pressure. The flow p-rameter actually has the opposite
effect on the surface mass loss as shown in Figure 4. Higher values
of the flow pazameter result in higher surface mass losses.

The effect of pressure on B, and enthalpy potential is
shown in Figures 5, 6 and 7. Increased presstire has an effect
similar to that of decreased flow parameter. Equilibrium is more
ncarly appro.'ched because of backscattering toward the surface.
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5.3 EVALUATION OF ThE INTEGRAL 4 FOR GRAPHITE IN AIR

Ry making use of equations (54) through (56) in addition

to equations (18) through (20) the molecular mass fractions k4 can

be obtained as functiont o
t 

tea.*oerature and pressute [or constant
values of . The entha.py of the mixturc can be substituted for

temperature as a variabl,.. Thc--efore, the integcand, [//P(u't1'.
which occurs In the cxprtc;sion for 0 given by equation (57) can be
found as a function of the Z-h.etlpy of Lhe mixture and toe pressure.
Since the molecular species are forced to include C, CO, 0, 02, N,
and N2 the enthalpy of the mixture will not necessarily be zero at
zero temper-turL because of the heats of formation of C and CO. A

shift of this datum so that all enthalpieb are zero at zero tempera-
ture Tpakes it possible to obtain a universal curve fcr rhe integrand

of 9over a considerable range of pressure, enthalpy and f . The
heat of formation for the mixture can be approximated by expressions
linear in f . When I! f' , Rt2O at low temperatures so that
from equations (54) and (55):

Mc. ~(64)

if t,, 4 (r 0 4W 0 )~ so that:

The relevant numbers for graphite have been substituted for the heats

of formation and the results of calculati-ns for the integrand using
the full set of equations (54) through (56) and (18) through (20)
with the mixture heat of formation subtracted out have been plotted
in Figure 8. Values of • equal to zero which represents air, *

which represents the combustion zone, and 2 * which represents a
fuel rich condition were chosen.

A fit to this distribution was obtained by adding a corre:-
tion term to that which results for air treated as a perfect gas.

The expression for the fit is as follows:
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-- T- 
(HflN§'A H ~(Hz i 1 -,o)

wheze It is Lhc el, thalpy with a shifted datum given in BT!/Ib. A
slignltiy butter fit may have bev' obtained with another form for
the correction term, but the one choser allows easy analytical
integration of r

The result. of intepration is as follows:

If B '5. a-

f / I 1, 0. 716 -4,

-/-rL -. 4 2C- -!.
to CA, (67y)

4C-

4[ C.. A +A T C, C)
s ~eb,( 0. )' 14{ (C t.bN(A

'44

45 5 (266.

-Q Lb2 - C
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where F

4.0.0. 30 U41,• 3

C4, - -•4- 6,2*_C 2'0C --__ M-

Although the above expressions for • appear rather
formidable they actually represent a great simplification in that
they are analytic. As pointed out in Section 4.3 0 is a function

of five independent parameters.

It should be noted that when B = U equation (67) gives d
relationship for turbulent flow of air over nonreacting surfaces

including the effects of dissociation. At low temperatures, nder
these conditions the results reduce to thosn uf Va•n Driest.
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S.4 IV 1SCI 11htFLt FULD l.uk EBLUT B1DI"ES

For purpos,.qs oi illustration ",eat and m.-k3a transfer on a
hemisphere will be described in Section 5.5. The .iemisphere is a
simple gcor.wlft r"presentative of bhmit body shapes. A detailed
investigation oc, the inviscid flow field en blunt bodies is beynnd
the s(ope of this report but it deserves nttt_-ntinn because turbulent
heat and mass transfer are more sensitive to the flow field than th,
laminar rates A rtvvie'v and ectension oi this problem was ret.viaLly
presenttd by Van Dyke.! 7") lie points out that for the hemisphere,
aiuditied Newtoniin flow as proposed by Lees( 1 8

) gives good -greement
with his more elaborate numerical caiLulations. at least up to
about fifty or sixty degrees. Lees( 1 8

) also presents some experi-
mental correlation with Newtonian flow for the hemisphere. In view
of these counents it appears that use of modified Newtonian flow on
a hemisphere gives an adequate description of the pressure distri-
bution fur use in illustrating the heat and mass flux distribution.
The prcssure distribution is therefore given in terms of angular
distance from the stagnation point by:

P,/p.c P-- ?/i'r- •" - C'/P U S °'
- ~ g P4 9  )csZG(69)

The pressure ratio, F/7, , across the normal shock is affected
very little by dissociation. However, there is a strong effect on
the density ratio, •RA,, , which is required in order to deter-
mine the heat transfer. Plots of the variation of these quantities
with free strcam velot-city and altitude is given by Feldman in
reference 19- The pressure aud density serve to determine the state
of the gas at the stagnation point. In order to determine condi-
tions at some other point on the body the assumption that the air
entering the buAkndiry layer is at approximately the same entropy
level can be used in addition to equaLion (69) for the pressure
distribution. Other thermodinamic variables can then be determined
from Nd'lier charts. However, when pressure variations are moderate
an approximate method Is simpler. This method consists of intro-
ducing a polytropic pressure density variation at constant entropy,

const. where the exponent 'f is defined by:

S(70)
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A 10.ot* 01 Xý_ .s free stream velocit; is given in Figure 9 for the

pressure iiraits shcwn. The value ot '& is only vf important:e in

regions far aw.,y frem the aLagnation point because at small distances

the density is apprnxiiartilv constant.

With these assumpticons the local mass flow and kinetic

energy which occur In the heat transfer expression arc given by:

opý) (72)

Another required q~sntity is the effective Reyzullds numbet

for use in obta,.ning the skin friction coefficient. For the

von K•am•n similarity law, with 0O this parameter for a

hemisphere is given by:

I YL \-94 '

SIp,, 2 x ,Its (73)

* The author is indebted to Dr. S. Lampert of Aeronutronic Systems,
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In arriving at this relationship variations in, wall teraperature anu

c.iolecular weight along the body have been neglected. The quantity

pa- is the free stream Re,nolds number based on the radius of the

*1,-.1ohcre. The parameter R ii plotted as a function of Mach number

and position in Figurel(O If the wall temperature and the free

s'trea:n conditivins upstream of the shock are known the effective

Reolds nimher, / , can be found at any body location.

i-5 HEAl' AND MASS IRANSFER. DISTRIBUTIONS ON A !HEM.ISPiERE

Without adequate experinntal data it is too much to
etpetct that the pres.m-nt semi-eripirical analysis will gi-.e accurate
quantitative predictions of heat and mass transfer Hoiwever, if
good judgmient has been used ia choosing the important chemical
reactions and maktimg physic-! assumptions, the trend of thesc

phenomena may be predicted b4 making use of the analysis.

Forced convection heat transfer on blunt bodies with
oonreacring surfaces exposed to hypersonic inviscid flow conditions

has received considerable attention in recent years. It is there-
fore interesting to determine what the heat and mass transfer
distributions mav be under similar external flow conditions when
the surface reacts with the environnent. The combustion of a
graphite hemisphere exposed to free stream conditions corresponding
to Mach 10 flight at altitudes of iUU,00C or 50,000 ft has been
chosen as an example. In addition to Mach number and altitude, the

free stream Reynolds number acd thc uall temperature most be given
Itn order to specify the heat and mass transfer- Two Reynolds
aumbers an order of magnitude different have been chosen tot each

altitude. The wall temperature was varied fhrm 2000 to 8000°R.
Some assumptions about the accommodation coefficients must also be
mnade. These were chosen as = 0.3, 1[ a 1. and 5e, = 0 for
purposes of illustration.

In order to carry out the computations the inviscid flwe
field considerations of Section 5.4 were combined with equations (18)

through (20), (24) through (29), and (32) through (34) for the mass
fractions at the surface and B; equation (52) for the turbulent skin

fictloin law; cq4ations (67) and (68) for 0 ; and equation (37) for
the heat transfer. Use of the turbulent skin friction law eliminates
the flow parameter, pctueC4 4 l, , as an independent parameter
for the particular case being studied. The computations were
accomplished by means of an IBM 650 program.

- 3b -



ASI PUBLICATION NO. 1j-166 (X'llBUSTION OF GRAPHITE

Figures 11 through 14 contain distributions of' heat flux,
mas tlux, B art 0j , respectively, for the 100,000 ft altitude
while Figures 15 through 18 c.ontain corresponding distributions for
the 50,000 ft altitude. Comrp:srfson of these curves shows th~at the
level of both heat transfer and mass flux ib ai.iubL d-. order of
mnagnitude highcr .at the "ower altitude at approximately the :same
Reynolds numibcr and surface temperature. This is due to the strong
influence of thc free stream density iW turbulent flow which is
reflected in the local value of yc Because the skin frict.ion
is only slightly affected by variations in Reynolds number, the heat
and mass transfer rates vary little with Reynolds number at low
tcmpernture. At high temperature the general heat and mass transfer
plots of Figures 3 and 4 indicate that there is much more sensitivity
to the flow parameter for <,,_ - 0. Therefore, variations in
Reynol.dz number have a moderate influence at high temperature as
shown in Figures 11 through 18.

The heat flux varfations between 6000 and 8000 0 R shown in
Figure 11 for the 100,000 ft altitude show a rather confusing
pattern which can be explained, however, by a comparison with the
corresponding conditions for B and civ presented in Figures 13
and 14. The confusion in this temperature range is caused by the
rapid occurrence of gas phase combustion as illustrated by Figure 13
and the rapid consumption of oxygen qt the surface as shc"::n by
Figure 14 when the temperature is increased. The heat flux varia-
tions at 50,000 ft display a more regular appearance as shown in
Figure 15 because gas phase combustion is not approached in the
temperature range shown. The prevention of gas phase combustion at
che lower altitude is primarily due ýo the effect of inereased flow
parameter.

At low temperatures the heat flux distributions in both
Figures 11 and 15 exhibit a peak value in the vicinity of 40 degrees
on the hemisphere. This behavior is characteristic of turbulent
heat flux distributions on n-.on-reacting blunt bodies at hypersonic
speeds. Under these conditions the enthalpy potential is only
slightly affected by surface conditions and the skin friction coeffi-
cient varies moderately with geometrical location. Thus, the flow
parameter, j\.UCjt/a./A , and hence the heat tcansfer reflect the
variation in PelAp around the body.

The mass flux variations shown in Figures 13 and 16 also
exhihit a peak flux near 40 degrees in many cases in spite of a
different shape in the B distributions of Figures 14 ans- 17.
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It. Fiau;e 19 tEhe variation of the integral 0 arou.ad
the bndy is shown. -The value ,-f € i remarkably cl-se to unity,
the ,'nc,.,ressible value. This is'because at high trmperatures thu
tntegratid of 0 is mainly in the flat portion of the curve shown
in Figure 8 throuhout the boundary layer.
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APPENDIX A

I CRBULENT CONSERVAT ION EQUATIONS

FOR REACTIR•G C;AS MIXTURES

[he turbulent conservation equations have been stu.;&d for
compressible flow in references (2) and (20). A ;imilar inviostiga-

tion is carried out here for reat-ting gas mixtuireq in a sli-ghtly

different manner.

The instantaneous value of each of the uLiknowns is
separated into a mean and a fluctuating part such that:

7 -X -2' (A-I)

whore 2 may be any one or any coabi•ilioun .)i the physical variables.
Introduction of expressions such as equation (A-I) into the full
instantaneous ronservaLion equations for reactin3r Fas -ixttres and
averaging according to the Reynolds rules for ti averages yields
the fol.owing conservation equations which inclu correlations
between fluctuating components:

Continuity for i4olecular Species

- +J L- (A-2)
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*;here ,. i-. the mass fractio-, .aC'.h' diffusion velocity a-ic
Ar- is the mIsY r: t ,prnduct ion: per unit volume of the Lth

:•pet c.. It is ::ssumed that di ffuatr., due to cr::jerature and
pressurte gradients is negligible ci-rpz-rcd to that due to concentru-

Iio g2,radie/nLs and that all diffusion c,--ficients are equal. ::-!'..r

these conditLions iho average ol mul.ecular diffusion terms can be

expa•ded ti, give:

9(L- ) - Wv&-(VP5?)rA 3

where 0 is the diffuQion cociicient. Two additional continuity

equations can be formed from linear sums ox equation (A-2).

Overall Continuitý Equation

(A-4)

Ihis cquatlui is obtained by summinig equation (A-2) over I

Continuity Ior Atomic S-ecies

-- Jwhere

Si," the tuiti.' nrlss frocLion of species . irrespective of
molecular cntigu'-..Lion snd 4.sn is the mass of atomic species

4-, per unit mass of molecular species L . This equation is

obtained by miltiplying each expression (A-2) 6v p,• and summing

over t . The assumption uf qýal diffusion coefficients leads to

the tolowiny? expansion for the diffusion terms in equation (A-5):
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(A-b

Momentum

~J + B a(A-7)

The avernge strebs tensor ii in expanded form:

44 -4 ,p4(A-8)2• .4-4 C

whre ,u is the coefficient of viscosity, I is the unit tensor,
e is the rate of strain tensor and p is the pressure.
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E n_..,'-' r

(A-9)

where ks is the total enthdlpy including chqmical enthalpy and
kinetic energy, i. is the enthh=&Ipy of Lhe i-tk wulecuLar species
incu.dinr. Oh.mical ener, v, and Q is the flux of heat by cunduction
and diffusion. The aveage of molecular dissipation, work and heat
L'ansport is gfven by:
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LL

2.

,--
I -
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Eqatlon of State

• ~(A-ti )

M

It each conservation rlatlion riven 6y eq.uationo. (A-2),
(A-5). (A-7) and (A-9) the first term inside the brackets represents
the influence of convection, while the secL,-nd term represents
transport of properties by turbulent motion. In the case of the
-u0,,o•ftum equation this latter term represents the Reynolds stress
tensor.

The third termrc whirh involve averages of molecular trans-
port quantities have been cxpaondcd in eqvaitions (A-3), (A-6), (A-8)
and (A-T0). in each of these equations Lite first terms or group ot
terms do not involve any fluctuating Gu1tpuL1Uts. Near a body surtace
in the laminar sublayer where all fluctuations are damped out due to
the influencc of the surface and property gradients ace large, these
first tecms are dominant ones. In the fully turh,blInt reiuii, how-
ever, the turbulent transport tcr.s- 'vershadow all components of
molecular transport. Presumably, in this reion the various compon-
ents of the iverage molecular transport terms which involve correla-
tions between fluctuating transport properties or fluctuating gradi-
ents and other fluctuating quantitiet- will be no larger in magnitude
than the largest component of the correspondlag term invlving. only
average transport properties and gradients in equations (A-3), (A-G),
(A-8), and (A-10). 3"nce it is to be expected that all ;.onponernts
of the turbulent transport terms are ahout the same magnitude each
component involving correlations between molecular transport
fluctuations will be overshadowec by the turbulent transport terms
in the fully turbulent region. Presumably, corresponding deriva-
tives behave the sanme way. Theretore, it should be neccasarx' to
retain only the first term or group of terms in Ibt expansions
given by equations (A-3), (A-b), (%.-8) and (A-10), exoept possibly
in the buffer layer between the subjayer and the fully turbulent
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zrgion. No attempt will be made to arcount tor this latter co,,pli-
,;t.i "on in the buffer iaytr. The last term in the eneagy equation is
a trf pie- .,,rrelat ion and omh-uld Lc ta llub, to ... C --.-
tions.. In addition, it is assumed that (i)CC(• •C k')

in the mean st.eady state, theii, only the first two terms in bracket
of tthe cotnsvrvation equationr plus the first terms of the expansions
arc retai ed. The equations are now prepared for introduction of

the usu;l hi-undary layer assumptions which lead to. the equatiors of
Set tion 2.
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APPENDIX B

DISCUSSION OF THE NUMBER OF INDEPENDENT RELATIONS

FOR MOLECULAR SPECIES

Although it may be intuitively obvious that the atomic

mass fractiuos,T,%, ptus the ratps of rcactior, Wi, are sufficient

to determine all of the mulicular mass fractions,r * it is of

interest to show this in a formal way and also to 6hvw how many of

these quantities are required. Suppose it is assumd that th-

system contains p molecular compounds formed by reactions betwe-r
air and the surface material and that these molecular specie- are
built from 5 atomic- species. Then the dtomic mass fractions are

given by:

where o¢4.Z is the number of atoms of atomic species 1 ccuttained

in molecular species t. and may be zero. Froiu the theory of linear
equations it is known that if the rank of the matrix of acts~ int

then equation (B-i) represents A.- independent equationb -oi the ?
molecular mass fractions iff . In order for equation (R-1) to have
any solutinns at all it is required that there be (S-&-) relations

among the S atomic mass fractions Pit which can ie-robtained by
making the V1 5 s orthogonal to the solutions, if any, of the hcao-

geneous equation formed with the transposed matrix. These relations
eliminate any superfluous equations from the syatcm. In addition, it

can be shown that the rates of reacdAun, W•r• , sotisfy:
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ILI,' (B-2)

,:quatIon (B-2) has ( I-4) Independent: se.l.tlons so that
if (1i) of the WZ are known the rest can be dete-,ined. These
( ) production rates are related in a nnnl Inpeiv way t- trlP mnlecular
m1ass fractions t:nrough trc law of mass action:

A " .' (

The products are taken over all species which cntcr into a
s-vEwn rt,ag.,tton, w , while the sums are taken over all of the L
reactions which occur. The quantities kl. and K, are the torward
and backward rate coefffrien.s, respectively. The ('-4.r) indepen-
dent equatios (B-3) plus the /L indeppndint eq,,Atizors (B-1)
represent a total of P equations for the p unknowns r . It is
assumed that among the roots to this nonlinear set of equation.;
there is one real rot for each r,, between zero and unity.

In addition to the information already obtained, it is
possible to determine how many reactions can occur between the
chosen set of mnleculpt and to find a xet of reactions which can be
regrouped to express the actual reactions. The mole',,la-r weight of
molec-l•r species L can be obtained by sumuaing the weights of all
atomic species which it contains:

s

S.(B-4)
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S:,.ce Ofz,. bi just the transposed matrix of &, , it Is
also of rank a Therefore, in order for the set of equations
(B-A) to he consistent it is necessary that the M.AS satisfy (9-1)

relationships obtained in a manner similar to that described for the
Tn'S . These (-/L ) relations among the molecular weights can be
rearraLnied to give the actual reactions themselvest

A4 - 5-
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EFSI IMV •I 'ON tV COMIBUSTION ZONF 'IHICKNESS

An estimate of the thickness of the combustion zone can b-
obtainjcd iii thie h•,1 i ow i io tai-t - Let.

k-•- )~ (C-I)

Differentiation of equation (54) with respect to then leads to
the fnilowin, expressbn;:

( (.>3)
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From the det'iition of f (Iv-ar. hv equ.tLion (53). the change in

velocity ratio is relatrd to the change In § through:

ItS (C-4.)

if Mr, and are the same order of rtagnitude it seer. ret'nable

t(' define a characteristic chanpe in velocity ratio by means of:

2? - + C5

As discugsed in RSctie,, 4 Klt L. often very small at the

combustion zone. under these conditions the velocity change across

the comh;,,tion zone _s v.'ry small. In the tully turbulent region of

the boundary layer, however, the vploctty changem very slcwly with

distance from the surface so that in the turbulent region the comn-

bustion zone way appear rather thick even when the velocity change

is small . in the sublayer where the velocity changes extremeLy

rapidly the zone must appear thin. When Yr i. s.anl the

bo-undary layer is rather sharply divided into two separat-- re;ions.

On one side of the combustion zone oxygen is mixed with products and

inerts while on the other side gaseous fuel is mixed with produ-.;

and inerts. Since - depends on $ , temperatre and

pressure the thickness of the combustion zone can be estimated as a

function of B, temperature, and pressure at the comhustion zone for

any particular chemical system.
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